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Abstract 
The process-based method is a new technique for monitoring CO2 storage permanence in the vadose zone above 
geologic carbon storage (GCS) sites. This method uses ratios of coexisting gas species to understand geochemical 
processes rather than comparing CO2concentrations with large baseline data sets, thereby making monitoring more 
efficient. In the vadose zone, ratios among coexisting gases (CO2, O2, N2 and CH4) have been used to distinguish 
biologic respiration, water-rock-CO2 interaction, and methane oxidation from a leakage signal. We report the 
preliminary results of a feasibility test conducted in July 2012 at the Zero Emission Research and Technology Center 
(ZERT) controlled release site in Montana, USA to discern whether the method could be applied to dissolved gases in 
groundwater, thereby enhancing groundwater monitoring. Preliminary results are favorable, making the process-
based approach potentially useful for monitoring shallow freshwater aquifers above GCS sites. 
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1. Introduction 
Monitoring GCS sites will be required to confirm that CO2 is contained and that natural resources such 
as potable groundwater and the biosphere are protected. Monitoring in the near-surface (defined as fresh 
groundwater and the overlying vadose zone) is inexpensive and provides direct observation of resources 
that require protection. A significant challenge to near-surface monitoring is the variable CO2 that exists 
in the near-surface making leakage difficult to identify amidst background noise. Many factors such as 
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changes in weather affecting biologic respiration, water-rock interaction, land use, and gas seepage from 
depth may create this variability. Years of background monitoring to establish natural ranges in CO2are 
typically required as the basis to separate a leakage signal from background noise.  
 
On the other hand, process-based monitoring examines ratios among gases (N2, O2, CO2, and CH4) to 
promptly distinguish a leakage signal from background without the need for years of baseline data 
collection. The approach was developed at a natural CO2-rich analog site [1] and applied at a CO2-
enhanced oil recovery site where deep CH4 migrated into the vadose zone and oxidized to CO2 [1]. The 
method was also applied at the Kerr farm in Saskatchewan, Canada, where landowners claimed 
CO2leakage affected their property. At the farm, relatively high CO2was found to result from biologic 
respiration using the process-based method [2,3]. The method’s simplicity and usefulness in the vadose 
zone make it an attractive potential method for groundwater monitoring if feasibility can be demonstrated. 
2. Process-based method overview 
A process-based approach for monitoring first identifies natural processes that produce and consume 
CO2. Then, chemical equations for those processes are used to construct relevant geochemical ratios that 
describe those processes. Finally, the manner in which leakage might affect those ratios is predicted. For 
example, two natural CO2-producingprocessesare biologic respiration and CH4 oxidation which each 
result in predictable trends for O2 consumption and CO2 production (Fig. 1a). CO2/O2 greater than 
expected from natural processes may signal a leak and CO2/O2 less than expected from natural processes 
may signal a CO2 sink such as dissolution into recharging groundwater and reaction with carbonate. Also, 
non-reactive addition or subtraction of one gas component will dilute or concentrate, respectively, all 
other gases in the mixture. N2 is therefore a good indicator of dilution or concentration of a gas mixture 
owing to its abundance and non-reactivity. CO2/N2 can therefore indicate CO2 dissolution and reaction 
with carbonate (natural signal) or dilution by an exogenous gas such as from leakage (Fig. 1b).  
 
               A                                                                                                     B 
 
 
 
 
 
Fig. 1. (a) Processes defined by relationships of O2 to CO2; (b) processes defined by relationships of CO2 to N2. 
3. Objectives and approach 
The objective of the study was a preliminary proof of concept to investigate whether the process-based 
method of analysis might be valid for dissolved gases in groundwater. The approach was to compare the 
signal created in the vadose zone with that created in groundwater during a controlled CO2 leakage 
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scenario. If a leakage signal was observed in groundwater using the relationships among dissolved gas 
concentrations, the method may be applicable to shallow groundwater monitoring above GCS sites.  
4. Methods 
The ZERT site is located on agricultural land owned by Montana State University in Bozeman, Montana 
[4]. CO2wasreleasedfrom a 100-m-long, 10-cm-diameter slotted pipe installed at ~1.8 m depth within a 
silicic 

	. Depth to water was 1.4 meters. Vadose zone 
gas and groundwater was sampled from pre-existing 5-cm-diameter PVC monitoring wells located 1–6 m 
down gradient from the release (Fig. 2). Monitoring was between 09:00July 9, 2012and 16:00 July 13.At 
18:00on July 10, a release of 0.15 tonne/day of CO2began at the site. Soil gas was sampled from wells 3B, 
4B, and 5Busing packers to isolate the vadose zone interval of slotted PVC pipe. Groundwater sampled 
from well 2B was analyzed for dissolved gases using serum vials and headspace partitioning.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. ZERT site map showing wells used for groundwater (2B) and vadose zone (3B, 4B, 5B) sampling. Map 
modified from [5]. 
5. Results 
Soil gas (open circles) and dissolved gases in groundwater (closed triangles) behaved as predicted by 
the process-based method under a leakage scenario. Data that fall in background signal fields were 
collected before the release and data that fall in leakage fields were collected after the release (Figs. 3 and 
4). More work is needed to construct and analyze relevant geochemical relationships for gases in 
groundwater and to account for relevant water-rock-CO2 interaction and gas partitioning into water, 
however a feasibility study shows the process-based method holds promise for use in groundwater.  
 
Fig. 3.Preliminary results of the feasibility test at the ZERT site. Open circles represent vadose zone gas data from 
wells 3B, 4B, and 5B. Red triangles represent volume percent gas measured in serum vial headspace of groundwater 
samples from 2B.   
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Fig. 4.Volume percent O2, CO2, and N2 measured in the headspace of groundwater sampled during the ZERT 
controlled release show a rapid response of the system to leakage input. 
6. Summary 
A new process-based method of soil gas monitoring, which uses ratios of coexisting gases for CO2 
leakagedetection above GCS sites was tested under a controlled leakage scenario July 2012 at the ZERT 
field site in Montana, USA. Vadose zone gases and dissolved gases in groundwater (measured by a 
headspace method) were analyzed. Data sampled before CO2 release fell in background signal fields 
whereas data sampled after the release fell in leakage fields as predicted by the method. Preliminary 
analysis of the data suggests the process-based method may be relevant for monitoring dissolved gases in 
groundwater above GCS sites; however more work is needed to define the relevant natural reactions from 
a groundwater perspective.  
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